Introduction
Reactive oxygen species (ROS), produced by routine metabolic events in aerobic organisms, pose a threat to cellular components, including proteins, lipids and DNA. Although organisms produce antioxidants naturally in order to combat the potentially dangerous effects of ROS, when the antioxidant capacity is exceeded, oxidative stress results and recurring exposure may cause significant damage. The exact cause of ROS overproduction is not yet fully elucidated, partially because these harmful molecules display extremely short half-lives. One alternative is to analyse the degradative products of ROS-induced oxidation. The presence of these biomarkers has been successfully correlated to connect oxidative stress with a number of debilitating conditions, including Alzheimer's disease (AD), Parkinson's disease and amyotrophic lateral sclerosis [1] . For example, protein carbonyls, the product of amino acid oxidation by ROS, have been found in elevated levels in patients with diabetes, hypercholesterolaemia and juvenile arthritis [2] .
Phospholipids are particularly susceptible to ROS. More specifically, peroxidation of phospholipid arachidonyl residues by ROS generates prostaglandins [3, 4] , a complex group of biomarkers found in biofluids, including urine, blood plasma, breath condensate, bile, seminal fluid, pericardial fluid and cerebrospinal fluid (CSF). Isoprostanes, a subset of prostaglandins, have been used as indicators of oxidative stress in cardiovascular disease, asthma, hepatic sclerosis, scleroderma and AD [5] . Mattsson et al. [6] observed elevated levels of F 2 -isoprostanes in the CSF of patients with multiple sclerosis. Using plasma F 2 -isoprostane levels as a metric, Riccobene et al. [7] determined that patients with chronic kidney disease are more likely to endure atherosclerotic processes brought about by oxidative stress.
The concentration of fluid-borne phospholipids and the associated products of lipid peroxidation are good indicators of the extent of damage brought about by ROS [8] . However, determinations of isoprostanes are typically performed using commercial immunoassay kits, which, despite pM limits of detection [9] , are relatively expensive and can be slow. Thus, diagnostics capable of rapidly processing patient biofluids to resolve their complex molecular composition are needed. The work described here is part of a larger programme to develop in vivo microdialysis-based sampling for high-speed, on-site diagnostic assays.
Capillary electrophoresis (CE), a powerful separation technique, has been used to process DNA, RNA, protein, peptides and metabolite mixtures in minutes, using nanolitres of biological sample and microlitres of low-cost separation buffer [10] . Despite such minute quantities of material required, direct processing of patient biofluids via CE is very challenging owing to the vast number of distinct molecular entities involved. Nearly 400 different types of proteins are known to exist in human CSF alone [11] . Fortunately, trivial methods of extracting particular groups of biomarkers from human samples have been developed. For example, Zhao & Xu [12] recently formulated a facile method to extract lysophospholipids and phospholipids from blood samples. Unfortunately, neither conventional CE nor microchip electrophoresis (MCE) are well suited for lipid determinations, since common separation buffers consist of inorganic salts in aqueous media, in which lipids tend to aggregate. One solution, micellar electrokinetic chromatography (MEKC), which affords the ability to resolve molecules based not only on their electrophoretic mobility but also on their hydrophobicity [13] , is well suited to lipid analysis and has been used to analyse hydrophobic mixtures in both capillaries and microchips [14] [15] [16] . However, MEKC cannot be directly coupled to mass spectrometric detection, because it requires high (millimoles) concentrations of surfactant, resulting in analyte signal suppression and contamination by separation additives [17] . Another promising alternative, non-aqueous capillary electrophoresis (NACE), exploits increased solubility of hydrophobic analytes in organic separation buffers [18] and has been applied to characterize biomarkers [19, 20] and pharmaceutical compounds [21] [22] [23] .
Organic solvents used in NACE separations include methanol, ethanol, acetonitrile, formamide, dimethylformamide (DMF), N-methylformamide (NMF), dimethylsulfoxide and mixtures of these. Coupled with inorganic background electrolytes (BGEs), such as NaCl, phosphates and borate, high-efficiency separations have been achieved [24] . Unfortunately, the concentrations of some of these BGE/solvent solutions required for electrophoretic separations have been reported in the high millimolar range. To facilitate the separation and determination of biomarker lipids, a unique approach based on an organic BGE/solvent system is developed and studied here. NMF is chosen as the solvent, because it can solvate non-aqueous ions (high donor number), and it readily solvates commonly used electrolytes. Thus, tetraalkylammonium salts, commonly used in organic electrochemistry, produce excellent electro-osmotic flows (EOFs) appropriate for high-quality electrophoretic separations, even at micromolar concentrations.
Rapid in vivo diagnostic applications further require electrophoretic separations of femtolitre volumes, necessitating precision not available in bench-top CE systems. Microfluidicbased lab-on-a-chip systems address this requirement, as a number of automated fluidic manipulation schemes can be devised in both two- [25, 26] and three-dimensional architectures [27, 28] . In this work, we avoid the constraints of performing fluid manipulations in a single plane by using a hybrid three-dimensional microfluidic/nanofluidic polymeric device to swiftly separate lipid mixtures. The main advantages of this device include high precision, reproducible electrokinetic injections with outstanding peak integrity [29] , the ability to perform quality separations in multiple fluidic planes [30] , and the flexibility to accommodate a number of detection schemes [31] . NACE and MCE are combined here to perform rapid analysis of fluorescently tagged lipid mixtures in non-aqueous separation media. The resulting non-aqueous microchip electrophoresis (NAME) shows great promise for resolving complex biological samples in order to correlate oxidative stress conditions with disease.
Material and methods

Reagents
amino]-palmitoyl coenzyme A (ammonium salt) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). TBA-TPhB, tetrabutylammonium tetraphenylborate; TPhP-TPhB, tetraphenylphosphonium tetraphenylborate; and NMF were obtained from Sigma (St. Louis, MO, USA). All were used without further purification.
Background electrolyte/solvent preparation
Separation buffers were prepared from NMF solutions containing different (100 mM, 1 mM and 10 mM) concentrations of either TBA-TPhB or TPhP-TPhB. Analyte solutions containing NBD-PA, a mixture of NBD-PA and NBD-PG, or a mixture of NBD-PA, NBD-PG and NBD-CoA were formulated in separation buffer at 1 nM, 10 nM, 1 mM and 10 mM concentrations.
Microchip fabrication
Generally, the microchannels were aligned orthogonally with fluidic communication provided via the nanocapillary array membrane (NCAM) sandwiched between them. The assembled device (figure 1) consisted of four polymeric layers: two polydimethylsiloxane (PDMS) microchannel layers, one track-etched polycarbonate NCAM and one PDMS adhesive layer. The adhesive layer effectively seals the device and prevents unwanted leakage. The master mould for microchannel fabrication was constructed by Stanford Microfluidics Foundry (Stanford, CA, USA), and layers were produced using rapid prototyping [32] . The sealing procedure for the device was adapted from the work of Chueh et al. [33] . Briefly, uncured PDMS was spun onto a glass coverslip for 1 min at 12 000 r.p.m. The thin uncured PDMS coating, of the order of tens of nanometres thick, was then stamped onto the top microchannel layer. The NCAM, purchased from Osmonics (Minnetonka, MN, USA), was then positioned on the bottom microchannel layer just before both cured PDMS microchannel layers were brought into contact and pressed together firmly. Taking care to avoid pores located in the membrane area exposed to the orthogonal microchannels, the NCAM pores were filled with uncured PDMS. The device was then cured for 1 h at 758C. The rsfs.royalsocietypublishing.org Interface Focus 3: 20120096 microchannels were 100 mm in width and height. The source microchannel (figure 1a) was 1.5 cm long and served as the sample reservoir. The receiving (separation) microchannel (figure 1b) was 4.25 cm long. The 6-10 mm thick NCAM contained an array (4 Â 10 8 cm
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) of 100 nm diameter pores.
Instrumentation
Fluidic control in the microchip was established using two high-voltage DC power supplies (602C-30P) from Spellman High Voltage Electronics Corp. (Hauppauge, NY, USA), specially constructed relay and switch boxes (University of Illinois, Urbana, IL, USA), and a PCI data acquisition card (PCI-6221) from National Instruments (Austin, TX, USA). A LabView (National Instruments) program controlled the voltage applied to each of the four Pd electrodes that drive electrokinetic flow. Analyte transport was observed using an Olympus IX-71 (Center Valley, PA, USA) epifluorescence microscope featuring a 41001 fluorescein filter set (Chroma Technology Inc., Rockingham, VT, USA). Illumination was obtained from a 100 W light source (X-Cite 120 PC) from Lumen Dynamics (Mississauga, Ontario, Canada). Images were recorded at six frames per second using a PhotonMax512 EMCCD camera (Princeton Instruments, Trenton, NJ, USA).
Procedures
Fabricated devices were first vacuum-filled with solutions; analyte mixtures were loaded in the source microchannel, and separation buffer in the receiving microchannel. Microchips were then mounted onto the microscope stage, where microfluidic channels were positioned above a 10Â objective lens. Pd electrodes were placed in each of the four fluid reservoirs. Taking advantage of the transparency of PDMS, fluorescence intensity was observed along the length of the microfluidic channels. Following each 5-10 min experiment, microchannels were rinsed with ca 100 channel volumes of analyte solution or separation buffer by vacuum filling. Each of the experiments conducted in this work was performed in a new device. Although the magnitude of EOF in these PDMS-based structures varied significantly across devices, relative analyte electrophoresis behaviour remained consistent from device to device.
Solvent and device compatibility
PDMS is known to swell in the presence of organic solvents. Chemically, NMF is closely related to DMF, a formamide that has been shown by previous work to swell PDMS minimally [34] . Additionally, the PDMS layers and polycarbonate NCAMs showed no signs of degradation or chemical breakdown when left suspended in a bulk volume non-aqueous solvent for times as long as 48 h.
Results and discussion
Lipid injections
The spatially separated microchannels featured in this device are bridged by an array of high aspect ratio nanocapillaries that simultaneously restrict free diffusion of analyte [35] and facilitate electrokinetic injection. Just as with aqueous systems, relatively small potentials effect reproducible sample plug introduction. In separation experiments, a small (less than 1 nl) volume of fluorescently tagged lipids is first injected from the source channel, across the NCAM, into the separation channel and then transported downstream [36] . The bias applied across the NCAM to achieve sample injection is defined by
where V recieving and V source represent the relative potential of the separation microchannel and analyte reservoirs, respectively. Figure 2 depicts how material is electrokinetically injected, where V inj and V sep represent the magnitude of the potential applied along the separation microchannel to drive either an injection or a separation, respectively. A brief (t , 1 s) voltage pulse across the NCAM electrophoretically injects lipidcontaining solution into the separation microchannel. Floating the source microchannel electrodes then disengages the electric field across the NCAM, and a potential is applied along the a n a ly te r e s e r v o ir s e p a r a ti o n m ic r o c h a n n e l (a) (b) Figure 1 . (a,b) Schematic of a three-dimensional NAME separation device featuring two orthogonal microfluidic channels (teal) with an NCAM interconnect (yellow).
Assembly requires a thin adhesion mortar (blue), which ensures leak-free bonding of the polymer layers. The adhesive is carefully placed to avoid incursion into the analyte and separation microchannels.
rsfs.royalsocietypublishing.org Interface Focus 3: 20120096 length of the separation channel to complete the transfer of the injected sample into the separation region of the device via cation-driven EOF, and begin the electrophoretic separation. Figure 3 shows the effect of the gate pulse duration, Dt inj , and amplitude, DV inj , on the quantity of material injected. Each peak represents a fluidic volume of material injected for a given time and then transported downstream ((c) to (a) in figure 2 ). The volumetric flow rate, F, of material injected through the NCAM can be written as
ð3:2Þ
where m obs , E app and A pore represent the observed mobility, applied electric field and effective cross-sectional area, respectively. Based on the area beneath each peak, the data shown in figure 3 are consistent with equation (3.2). Positive linear relationships are observed between both Dt inj and DV inj and the quantity of lipid transferred across the NCAM. The ability to tune the volume injected permits trade-offs between sensitivity and resolution. For example, for masslimited samples, large values of Dt inj and DV inj can be used to enhance the sensitivity at the expense of a modest degradation in resolution. In addition, the reproducibility of injections depicted in figure 3 using a three-dimensional hybrid architecture is commensurate with similar injections performed on aqueous systems.
Lipid diffusion coefficient
The diffusion coefficient of the injected lipid molecules (D m ) determines the longitudinal dispersion of injected bands and thus can be employed to assess separation quality. Here, D m was calculated using the 'on-the-fly-by-electrophoresis' method [37, 38] , according to where s represents the lipid bandwidth (mm) and t represents the time for the injected lipid packet to migrate from the injection to the observation point (400 mm). Although equation (3.4) accounts for the finite width of the injected band, it does not account for the tailing (see figure 3 ), which is caused by electrical limitations of the high-voltage supply. Currently, the minimum applied voltage (10 V) and application time (1 s) for electrokinetic injections are too high, resulting in significant injection on both sides of the NCAM, producing an apparent band tail. Improvements to incorporate a power supply that permits millivolt potentials and millisecond application times are being implemented. The observed band tailing also influences interpretation of diffusion coefficients calculated based on Gaussian peak shapes, where based on analysis of repeated injections identical to those depicted in figure 3 (where t varies by +7%), D m,NBD2PA ¼ 4.48 Â 10 27 cm 2 s
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. Band broadening, Ds, increases with the square root of both D m and t. Although this undesirable effect, which ultimately reduces resolution, is inevitable, the width of the injected band (s t ¼ 0 ) is limited by the cross-sectional area (100 Â 100 mm) of the overlapping microchannels. Since separations are performed well above the concentration limit of detection (LOD), much smaller channels could be used rsfs.royalsocietypublishing.org Interface Focus 3: 20120096 which would result in further improvements in resolution. However, the need for a PDMS adhesion layer dictates that the microchannel width be sufficiently large to prevent blockage by uncured PDMS during assembly.
System limit of detection
Robust biomarker detection in mammalian biofluids requires low LODs. To determine the LOD for the NAME experiment, discrete volumes of NBD-PA were injected into the separation channel at varying analyte concentrations. The excitation source was set to maximum power (30 mW), and the resulting signal-to-noise (S/N) ratio of the fluorescence peak was measured downstream (see electronic supplementary material for more information). Table 1 depicts the S/N ratio for lipid concentrations in the range 100 pM , C , 1 mM. Conservatively interpreting these data indicates that the LOD of the current system is approximately 1-10 pM, a range acceptable for fluorescence-based assay development and easily competent for the determination of circulating plasma biomarkers [39] [40] [41] . For example, millimolar lipid and protein levels and micromolar vitamin concentrations in plasma were used by Karaouzene et al. [42] to determine that obesity induces both oxidative stress and lipid composition changes in men. Conversely, lipid biomarkers for some conditions are present at much lower femtomolar to picomolar concentrations in human biofluids. Picomolar concentrations of isoprostanes in plasma, for example, have been identified as early indicators of Rett's syndrome [43] . Addressing these more challenging biomarker assays in the NAME system described here will require improvements in LOD, physically concentrating the sample [44] [45] [46] or both.
Separation performance metrics 3.4.1. Plate number (N )
The number of theoretical plates is an indirect measure of the microchannel separation efficiency, indicating how well the system performs in the face of longitudinal diffusion and subsequent band broadening. N is defined by
where V app is the voltage applied across the separation channel, l is the effective channel length and L is the total channel length over which the voltage is applied. Plate numbers ranging from 10 4 to 10 5 are common in high-quality electrophoretic separations [47] . Table 2 shows the dependence of N on the ionic strength of the TBA-TPhB/NMF solution. Using a single device, TBA-TPhB/NMF solutions (100 mM, 1 mM and 10 mM, respectively) were introduced into both the analyte reservoir and the separation microchannel. Migrating peaks were then observed 400 mm downstream from the injection point, and the number of theoretical plates at 400 mm was determined by averaging the observed mobility values from several peaks produced at each electrolyte concentration. Qualitatively, EOF was observed to become less reproducible at the highest electrolyte concentrations. The thickness of the ) for the TBA-TPhB/NMF separation media at the wall -solution interface is given by suggests that the electrolyte concentration should not have a significant impact on the EOF, and subsequent separation quality. However, table 2 clearly shows a modest but statistically significant improvement in the quality of separation with decreasing BGE concentration and is best when 100 mM TBA-TPhB/NMF is used. Furthermore, preliminary work has shown that the presence of TBA-TPhB at this concentration does not obviate analysis of NBD-PA using ambient ionization mass spectrometry. Figure 4 shows the effect of electric field magnitude on band broadening in 100 mM TBA-TPhB. As shown, band broadening decreases with increasing electric field strength, and hence the efficiency of the lipid separation, as measured by N, improves at higher fields up to 500 V cm
Background electrolyte concentration
k À1 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 1 0 1 r RT 2F 2 C electrolyte s ;ð3:
Separation electric field
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. Although these findings suggest that optimal separations are achieved using the highest applied voltage the equipment permits, the maximum electric field is limited by Joule heating, which can decrease the viscosity of the separation media, promoting molecular diffusion and subsequent band broadening. In addition, fields in the 400 -500 V cm 21 range were sufficient to accomplish the separations of model compounds in these studies.
Cation hydrophobicity
Owing to its large dielectric constant (1 r ¼ 182), NMF exhibits excellent solvation properties for the TBA-TPhB BGE chosen for these experiments. The association of the TBA cation with the negatively charged PDMS surface drives EOF in the presence of an applied field. In order to investigate how EOF affects performance of the NAME system, tetraphenylphosphonium, a more hydrophobic cation, was selected for comparison. Using NBD-PA, peak shapes in TBA-TPhB/ NMF and TPhP-TPhB/NMF solutions were compared, and it was determined that the tetraphenylphosphonium cation improves m obs of NBD-PA by approximately 8 per cent, a small, but statistically significant, effect.
3.5. Non-aqueous microchip electrophoresis of binary and ternary lipid mixtures rsfs.royalsocietypublishing.org Interface Focus 3: 20120096 largest electrophoretic mobility (largest charge-to-size ratio), and NBD-PG has the smallest.
Another useful separation metric is the resolution, R s , defined by equation (3.7), ) separations are notable. However, peak capacity is relatively low, since it depends on the quantity of injected analyte, which is governed by the injection parameters (see above). Regardless, the combination of the initial separation and EOF results is sufficiently promising to vigorously pursue NAME as a viable on-site separation strategy for in vivo monitoring of lipid biomarkers.
Conclusions
Micromolar tetraalkylammonium salts in NMF constitute effective media for electrophoretic separations of intact lipids and their oxidation products. Furthermore, these solutions are chemically compatible with low-cost microchips that offer superb fluid control for precise handling and manipulation of analyte mixtures. Discrete lipid packets are controllably injected from a sample reservoir microchannel, across an NCAM, using low injection voltages (DV inj , 100 V) for Dt inj ¼ 1-10 s. The sample voxels are introduced into a separation channel containing low ionic strength BGE, and, in the presence of sufficiently high applied electric fields, yield high-resolution molecular separations of a quality comparable to those of commercial CE and NACE systems. In addition, relatively short separation channel lengths (roughly one-tenth the column length used in bench-top separation instruments) featured in this three-dimensional architecture afford very rapid fluidic processing of lipid mixtures (less than 3 min, typically). Unlike time-consuming immunoassays, when NAME is coupled to an appropriate pre-processing strategy, such as microdialysis, it can rapidly separate and monitor lipid biomarkers obtained directly from patient biofluids. In addition to monitoring the levels of known biomarkers to track disease progression, NAME can be implemented in programmes of biomarker discovery. Although separation performance in this work is assessed using fluorescence detection, the threedimensional NAME microchip can be coupled directly to a mass spectrometer (MS) for universal label-free detection. Softer ionization strategies promise to better maintain lipid integrity during analyte introduction into the MS, so current work in this laboratory is addressing the interfacing of NAME microchips to ambient ionization MS in order to combine this promising new approach to lipid separations and biomarker detection with highly sensitive label-free detection.
